A recombinant plasmid designated pAW305, containing a 6-kilobase insert of Treponema pallidum DNA, directed the expression of a 38-kilodalton (kDa) treponemal antigen in Escherichia coli. The 38-kDa antigen copurified with the outer membrane fraction of the E. coli cell envelope after treatment with nonionic detergents or sucrose density gradient centrifugation. Rabbits immunized with the recombinant 38-kDa antigen developed antibodies which reacted specifically with a 38-kDa T. pallidum antigen on immunoblots, and 38-kDa antisera specifically immobilized T. pallidum in a complement-dependent manner in the T. pallidum immobilization test. Antisera to the 38-kDa recombinant antigen were also used to demonstrate its native surface association on T. pallidum by immunoelectron microscopy.
It is likely that important steps in the pathogenesis of syphilis and in the acquisition of resistance to Treponema pallidum infection are mediated by specific treponemal surface molecules. Identification of these surface molecules and determination of their biological functions have been major, but elusive, goals which have been complicated by the problems of yield and purity inherent in the cultivation of T. pallidum in rabbit testicles. Although electron microscopy has demonstrated that an outer membrane encloses the periplasmlt-flagella and the cytoplasmic cylinder of the spirochete. (14) , this membrane has not been physically isolated, nor has its composition been directly determined. There is evidence which suggests that, compared with the stability of the outer membrane of gram-negative bacteria, the T. pallidum outer membrane has a more labile association with the cytoplasm (12) . We believe that studies directed at the definition of the T. pallidum surface must use methods which preserve motility and virulence to prevent the potential loss of functionally significant surface-located molecules.
In the accompanying study (25) , we reported the use of the T. pallidum immobilization (TPI) test conditions for study by immunoelectron microscopy. It is well established that treponemal motility and virulence are preserved during the TPI test unless both specific antibody and complement are present (3, 21, 27, 28) . We found that the surface of virulent T. pallidum is remarkably resistant to demonstrable antibody binding; active complement as well as specific syphilitic antibody must be present before antibody coating of the treponemal surface can be detected (25) . Using identical conditions, we localized another recombinant treponemal antigen, 4D (8) , on the surface of T. pallidum.
In this study, we describe a recombinant 38-kilodalton (kDa) T. pallidum antigen which copurified with outer membrane fractions of Escherichia coli. Like antibody to the 4D antigen (8) , antiserum to the 38-kDa antigen immobilized virulent T. pallidum in the TPI test and was used to demon-* Corresponding author.
strate the association of this antigen with the surface of T. pallidum by immunoelectron microscopy.
MATERIALS AND METHODS Expression of T. pallidum antigens in E. coli. Our Charon 30 gene bank of T. pallidum DNA, constructed with Sau3A partial digestion products, was screened for plaques specifically reactive with syphilitic serum as previously described (8, 29) . Plasmid pAW305, which expresses the 38-kDa T. pallidum antigen in E. coli RR1, is described in
Results.
SDS-PAGE and immunoblotting. Sodium dodecyl sulfatepolyacrylamide running gels of 12.5% or linear gradient gels of 8 to 20%, each with 2.6% cross-linking, were prepared for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as previously described (8) . Samples were mixed 1:2 with final sample buffer and placed in a boilingwater bath (100°C) for 10 min before SDS-PAGE. After SDS-PAGE, gels were stained with Coomassie blue or immunoblotted (8) . Nitrocellulose sheets or strips were then probed with serum and 1251I-labeled protein A then and autoradiographed (8) .
Partial purification of the recombinant 38-kDa antigen.
Cultures of E. coli RR1(pAW305) cells were grown overnight to stationary phase in NZY broth containing 50 ,ug of ampicillin per ml to an approximate density of 5 x 109/ml, pelleted, washed, and suspended in 50 mM Tris, pH 8.4. The cells were lysed by sonication on ice for three 2-min periods with 5-min rests between bursts. The disrupted cells were centrifuged for 10 min at 1,912 x g to remove unlysed cells, and the supernatant from this low-speed centrifugation was centrifuged again at 47,800 x g for 20 min to separate soluble proteins from the cell envelopes (20K pellets). Unless otherwise noted, all centrifugations were conducted at 4°C with a Sorvall SS-34 rotor. The 20K pellet, enriched in the cell envelope fractions, was further separated by sucrose density centrifugation (10) or extracted with detergents as described below. Cultures of E. coli RR1 containing the plasmid pBR322 without the T. pallidum DNA insert were also grown and processed as described above for parallel com- hindquarters with 0.5 ml of the antigen suspension in each site. The rabbits were given a booster immunization with the same protocol 7 weeks after the initial injection. The rabbits were bled at 2, 5, 12, and 15 weeks after immunization, and the serum was stored at -70°C before being tested. TPI and VDRL tests were performed as previously described (8) .
Demonstration of a 38-kDa antigen in T. pallidum. Samples of Percoll-purified T. pallidum (12) were mixed with an equal volume of final sample buffer and separated on preparative 8 to 20% linear gradient SDS-PAGE gels as previously described (8). An immunoblot was reacted with rabbit antiserum raised to the partially purified, cloned, 38-kDa protein and probed with 125I-labeled protein A followed by autoradiography.
Localization by immunoelectron microscopy of the 38-kDa antigen in T. pallidum. Freshly extracted, virulent T. pallidum cells were incubated under TPI test conditions at a concentration of approximately 1.5 x 107/ml as previously described (8) . After a 16-h incubation, motility was determined by dark-field microscopy. Incubation mixtures were then transferred to Microfuge tubes with siliconized Pasteur pipettes and centrifuged for 4 min at 12,800 x g in a Beckman Microfuge. The pellets were washed in 0.5 ml of phosphate-buffered saline, pH 7.4, and centrifuged again at 12,800 x g for 4 min, and the final pellets were resuspended 
RESULTS
Clones expressing the 38-kDa antigen. Charon 30 clones expressing T. pallidum antigens in E. coli K802 have been described previously (8, 29) . A clone designated Tp3A (29) expresses the 38-kDa antigen. Clones designated TplC and Tp2D (8) also express the 38-kDa antigen. Partial restriction maps of these bacteriophages are presented in Fig. 1 47 ,800 x g as described in Materials and Methods. These fractions were then analyzed by SDS-PAGE. A Coomassie blue-stained SDS-PAGE gel of fractions of E. coli RR1(pBR322) and E. coli RR1(pAW305) cells is shown in Fig. 2A . The 38-kDa T. pallidum polypeptide was found exclusively in the E. coli RR1(pAW305) cells. Samples of the 20K pellets of the E. coli RR1(pAW305) cells (Fig. 2A, lane  3) showed enrichment for the 38-kDa protein as well as for E. coli protein bands considered to be the 37-kDa OmpF/C (4) and the 33-kDa OmpA (5). The OmpF/C and OmpA proteins of E. coli were identified by virtue of their molecular weights, resistance to detergent solubilization, and the heatmodifiable molecular weight of OmpA in this system (18) (data not shown). An SDS-PAGE gel containing identically prepared samples of pBR322 and pAW305 was immunoblotted with syphilitic serum. Antibodies present in the syphilitic serum clearly bound specifically to the cloned 38-kDa antigen present in pAW305-containing cell fractions, 14 particularly the cell envelope-enriched pellet (lane 3), but not E. coli outer membrane proteins (Fig. 2B) .
Identification of the recombinant 38-kDa protein in E. coli outer membrane fractions. To study the association of the 38-kDa antigen with E. coli membranes, the cell envelope of pAW305 cells were analyzed by sucrose density gradient centrifugation as described in Materials and Methods. Sequential fractions of the sucrose gradients were analyzed by SDS-PAGE. The 38-kDa protein copurified with denser outer membrane fractions which contained the OmpF/C and OmpA proteins (Fig. 3) . Neither the 38-kDa protein nor the OmpF/C and OmpA proteins were seen in less-dense fractions which contained E. coli inner membranes (data not shown).
Partial purification of the 38-kDa antigen from E. coli membranes. The strategy adopted to purify the 38-kDa protein from the membrane fractions of the E. coli RR1 (pAW305) cells used relatively mild procedures to preserve native structural features on the 38-kDa protein. After sonication, the cell envelope-enriched 20K pellet was extracted with 2% NP-40 at 37°C to create an outer membrane fraction (18) . After NP-40 detergent extraction, the cloned 38-kDa antigen was present in the insoluble fraction (lane B') along with the OmpF/C and OmpA proteins, whereas the soluble fraction (lane A') contained many of the cell envelope proteins which previously were insoluble before NP-40 detergent extraction (Fig. 4A) .
Treatment of the NP-40-insoluble outer membrane fraction (lane B') with 2% sarcosyl at 37°C solubilized most of the recombinant 38-kDa protein and a variety of other proteins, including a fraction of the OmpF/C and OmpA proteins (lane C'); it can be seen that the apparent amount of OmpF/C and OmpA proteins released was similar to the amount of the 38-kDa protein released (Fig. 4A) . Most OmpA and OmpF/C proteins remained insoluble with the sarcosyl treatment (Fig. 4A, lane D' ). Identically prepared cell envelopes of control E. coli RR1(pBR322) cells (lanes A to D) showed protein profiles which were virtually indistinguishable from the fractions of the pAW305 cells (lanes A' to D'), except for the absence of the 38-kDa polypeptide (Fig.  4A) .
Both the original 20K cell envelope-enriched pellet and the NP-40-insoluble pellet were reextracted with NP-40 in the presence of 10 mM EDTA. Neither the cloned 38-kDa protein nor the OmpF/C protein was further solubilized by the detergent treatment in the presence of EDTA. However, the OmpA protein was solubilized under these conditions (data not shown). The NP-40-insoluble outer membrane fraction was extracted with a variety of nonionic and charged detergents, individually and in combination, to selectively solubilize the 38-kDa protein or E. coli proteins which copurified with the 38-kDa protein to this stage. The effects of these detergents are listed in Table 1 . Only sarcosyl provided some degree of selective solubilization of the 38-kDa antigen. However, as demonstrated in Fig. 4A (lane B') , sarcosyl also solubilized a certain proportion of OmpA and OmpF/C. Deoxycholate and n-octylglucoside solubilized several of the E. coli proteins which copurified with the cloned 38-kDa protein in the NP-40-insoluble pellet.
When the NP-40-insoluble fraction (Fig. 4B , lane 1) was extracted twice with a mixture of deoxycholate and noctylglucoside, the proteins released after the first (lane 2) and second wash (lane 3) included all of OmpA and a lesser proportion of OmpF/C. The remaining detergent-insoluble material (lane 4) was enriched for the 38-kDa protein.
Induction of immobilizing antibody by immunization with the cloned antigen. Two rabbits were immunized intramuscularly with the partially purified, cloned, 38-kDa protein (Fig. 4B, lane 4) and were boosted 7 weeks later. Serum was obtained from both rabbits 2, 5, 12, and 15 weeks after the initial immunization, and the sera were tested in the TPI test. One rabbit exhibited weakly reactive TPI activity 5 weeks after the first injection of the recombinant 38-kDa antigen (Table 2) . After booster immunization, both animals developed TPI reactivity. Identification of a 38-kDa protein antigen in T. pallidum. Individual strips of nitrocellulose containing transferred T. pallidum proteins were reacted with rabbit antiserum raised to the partially purified, cloned, 38-kDa protein described above. Antibody to a 38-kDa T. pallidum protein was demonstrable in both immunized rabbits and was not present in the preimmune serum of either rabbit (Fig. 5) . Antibody which reacted with other T. pallidum proteins was detectable in both pre-and postimmune serum samples from both rabbits. These bands represent natural antibody to hostindigenous nonpathogenic treponemes which share epitopes with T. pallidum proteins (11, 19) . Human and rabbit immune syphilitic sera detected a 38-kDa T. pallidum antigen indistinguishable by molecular size in this one-dimensional SDS-PAGE analysis from the recombinant 38-kDa antigen.
Native surface association of the 38-kDa antigen. T. pallidum cells incubated under TPI test conditions were processed for immunoelectron microscopy as described in Materials and Methods. Organisms incubated with rabbit immune syphilitic serum and heat-inactivated complement retained their motility and did not demonstrate significant immunoferritin labeling (Fig. 6B) . Organisms immobilized during incubation with rabbit immune syphilitic serum and active complement were heavily and uniformly ferritin labeled (Fig. 6A) , indicating large amounts of surface-bound immunoglobulin G. Organisms immobilized with 38-kDa antiserum and active complement were heavily ferritin labeled and were indistinguishable from ferritin-labeled rabbit immune syphilitic serum-immobilized T. pallidum cells (Fig.  6C ). In contrast, organisms which retained their motility during incubation with 38-kDa antiserum and heatinactivated complement were unlabeled (Fig. 6D ). These experiments demonstrate the surface association of the 38-kDa antigen on T. pallidum. (26) and proteins which attach to tissue culture cells and fibronectin (24) . Monoclonal antibodies which recognize a 47-kDa treponemal protein react with the surface of fixed T. pallidum by immunofluorescence (20) and immunoelectron microscopy (21a). Recently, Hansen and co-workers have described 35-and 44-kDa recombinant T. pallidum antigens which they believe to be membrane proteins (13) . However, data substantiating the E. coli outer membrane location of these proteins and their native treponemal surface location have not been presented.
In this report, we have described a recombinant 38-kDa T.
pallidum polypeptide which copurified with the E. coli outer membrane both by selective detergent treatment ( Fig. 4A and B) and by sucrose density gradient centrifugation (Fig.  3) . We showed that the 38-kDa polypeptide induces complement-dependent immobilizing (TPI) antibody in immunized rabbits (Table 2) , and we used immunoelectron microscopy to localize the 38-kDa polypeptide on the surface of T. pallidum (Fig. 6) The results presented in this study and in the accompanying study (25) show that the recombinant treponemal antigens designated 4D and 38 kDa can be demonstrated on the surface Qf T. pallidum by immunoelectron microscopy. The systerp we used to determine native surface association of recombinant treponemal antigens requires detailed consideration. We showed that motile T. pallidum cells are remarkably resistant to antibody interaction in the absence of complement under the conditions of the TPI test, confirming and extending the work of Hovind-Hougen et al. (15) . They showed that syphilitic antibodies do not demonstrably interact with virulent T. pallidum cells unless complementdependent immobilization has taken place. These results also corroborate the long-standing observation that freshly extracted, virulent T. pallidum cells are not reactive with syphilitic serum in the fl"lorescent treponemal antibody test without prior "aging" or fixation of organisms (6, 22) .
Although it is possible that the surface of T. pallidum may become nonnative in some unrecognized way during TPI test conditions, it is well established that motility and virulence of the organisms are preserved under these conditions (3, 21, 27, 28) , unless active complement as well as syphilitic antibodies are present. We therefore believe that immunoelectron microscopy using TPI test conditions is a valid approach to defining surface components of T. pallidum. A more-complete understanding of the means by which the surface of this organism so remarkably resists antibody interaction is necessary. It is possible that the surface of the organism is immunologically nonreactive by virtue of coating with host components (1, 9) or the relative abundance of nonproteinaceous molecules on the surface. "Surface" protein antigens of T. pallidum might then be immediately subsurface in location, with temporally restricted surface exposure permitted by membrane fluidity. Demonstrated native surface association of the 38-kDa and 4D antigens (25) should permit their use as markers in attempts to physically isolate the fragile T. pallidum outer membrane.
